The ultrafine titanium carbonitride particles (TiC0.7N0.3) below 100 nm in mean size were successfully synthesized by Mgthermal reduction process. The nanostructured sub-stoichimetric titanium carbide (TiC0.7) particles were produced by the magnesium reduction at 1163 K of gaseous TiCl4 + xC2Cl4 and the vacuum heat treatments were performed for five hours to remove residual magnesium and magnesium chloride mixed with TiC0.7. And final TiC0.7N0.3 phase was obtained by nitrification under normal nitrogen gas at 1373 K for 2 h. The high quality of crystal form of TiC0.7N0.3 with the purity above 99.5% and the level near 0.1 mass% oxygen, were produced. We discovered in particular that the temperature lower than 1123 K in vacuum treatment helped to produce the finer and uniform TiCN particles.
Introduction
Owing to high hardness, electrical conductivity and wear resistance properties, titanium carbonitride powders have been widely used as the raw materials for production of various ceramic tools. 1)-4) It is well known that the particle refinement of the raw powder plays an important role to increase the hardness and toughness in the consolidated tool materials. Therefore, the research for titanium carbonitride materials has usually concentrated on the production of fine initial powders. Besides commercialized carbothermal reduction method, 5),6) several other processes have been proposed for the production of TiCN powders such as the direct solid reaction of TiC with TiN or Ti with C, N, 7) , 8) the self propagating high-temperature synthesis (SHS), 9) the gaseous phase reaction 10) and the liquid phase reaction such as the sol-gel process, and so on. 11) However, these processes have at least one or more of the following drawbacks: (1) coarse particle formation owing to a very high temperature reactions (2073 K-2273 K), (2) easy oxidation during the process resulting in formation of TiCxOy, (3) high free carbon content and contamination, in particular, during the milling process and (4) need for initial titanium powder of high purity.
In our previous work, the simple approach to produce nanostructured TiCN particles using the metallothermic reduction process was introduced. 12),13) This preparation process includes the following steps: 1) reaction of a solution of liquid metal chlorides (TiCl4 + xC2Cl4) with sublimate magnesium nitride (Mg3N2), 2) formation of the fine titanium carbonitride (TiC0.7N0.3) particles by the reaction of the titanium and carbon released from chloride reduction of magnesium dissociated from Mg3N2 and the identical nitridation dissociated nitrogen from magnesium nitride, 3) removal of the secondary phases of liquid MgCl2 and excess Mg3N2 by a vacuum heat treatment. In that process, however, it was difficult to completely remove the solid phase of magnesium nitrides by a vacuum treatment, resulting in significant amounts of magnesium oxide as an impurity inside of the TiCN products. Moreover, since the carburization and nitridation reactions simultaneously occurred, the control of carbon and nitrogen content was a little difficult.
Therefore, in this study, we tried to modify the process, that is, initially obtain the sub-stoichiometric nanostructured TiC0.7 particles using the proposed process in the argon gas atmosphere and then nitride them in the next step to produce TiCN.
Experimental procedure
In order to produce the TiC0.7 of the target phase, a solution composed of TiCl4 (OTT-O, 99.99%) and xC2Cl4 (TVS, 99.96%) was fed vertically with 0.16 g.s -1 into an insulated cylindrical chamber (ø 90 mm × 180 mm) made of mild steel, where gaseous magnesium (AVISMA Mg-90, 99.9%) was kept at 1163 K under protective argon gas of 111.46 kPa pressure.
The corresponding reaction equation to produce TiC0.7 can be described as follows:
Once the above reaction was finished, the residual products of excess Mg and MgCl2 were fully removed by vacuum separation treatment at the condition of 1.333 × 10 -3 kPa at different temperatures of 1073, 1123, 1173 and 1223 K for five hours. The obtained nanostructured sub-stoichiometric titanium carbide particles were then nitrided in a tube furnace under flowing pure nitrogen gas at a temperature range of 1200-1600 K to produce the TiC0.7N0.3 phase.
The content of the nitrogen, oxygen and carbon of all powders were measured in O-N analyzer (Eltra ON900) and carbon analyzer (LECO CS600), respectively. The contents of impurities such as Mg and Cl were analyzed in the mass-spectrometer (VG-Plasma-Quad PQ2-Turbo-ICP-MS). The microstructures and crystal phases of the produced particles were studied by SEM (Hitachi, Ltd., S-4200) and X-ray diffractometry (Rigaku Co., R2000).
Results and discussion
The schematic diagram of the synthesis behavior of titanium carbide is described in Fig 1. Once the solution made from TiCl4 and xC2Cl4 with their respective boiling points of 409 K and 395 K is fed into the chamber containing gaseous magnesium at the temperature near 1163 K, it evaporates rapidly into gaseous TiCl4 and xC2Cl4. These gases are reduced by gaseous magnesium leading to the release of Ti and C atoms. The released titanium and carbon atoms with the gas phases undergo active exothermal reaction forming the sponge shape of TiC~0.7 phase. The crystallized TiC~0.7 particles were condensed in the stainless steel pates prepared inside the reactor. After such a reaction process, the undesirable phases of liquid MgCl2 and excess magnesium existing between TiC~0.7 particles were fully removed by a vacuum made mechanically for five hours because of their significantly high vapor pressures of 9.41 × 10 2 kPa and 1.87 × 10 3 kPa. Table 1 summarizes the chemical compositions of the powders after vacuum heat treatment done at different temperatures of 1073, 1123, 1173 and 1223 K temperatures. Figure 2 shows the X-ray diffraction patterns of the synthesized TiCx powders after vacuum heat treatment at various temperatures. Some patterns revealed the existence of small content of unfavorable Ti6O phase, when the vacuum heat treatments were done at lower temperatures, and only TiC0.7 phase could be observed in the powders treated at 1223 K. However, vacuum heat treatment at high temperatures was undesirable due to grain growth of the final powders. Figure 3 demonstrates the SEM images of the powders vacuum heat-treated at 1123 and 1223 K, respectively. When compared, an increase in mean grain size can be observed in the powders vacuum heat-treated at 1223 K. Therefore, in the point of finer particle size view it can be concluded that 1123 K was the most optimum temperature for vacuum heat treatment.
The small amount of impurities of Mg and Cl originated from the residual phases of MgO and MgCl2 were detected to be 0.3 mass% and 0.2 mass%, respectively. But they could also be eliminated by post dissolving and filtering techniques in 7 mass% HCl solution for two hours, and finally the total impurity content can be controlled to be below 0.2 mass%. 
JCS-Japan
The carbon and oxygen contents in the powders vacuum heat treated at 1123 K were analyzed to be 14.68 mass% and 0.79 mass%, respectively, corresponding with the form of TiC~0.69O~0.03. Such a high oxygen-deficient crystal structure can help very effective nitrification behavior owing to the significant amount of residual octahedral vacancies.
After the nitrification treatment to obtain the TiC0.7N0.3, the amount of carbon, nitrogen and oxygen content in the powders produced at the various temperatures, are presented in Fig. 4 and chemical composition of powders after nitridation at 1373 K is summarized in Table 2 . Here we can see that the nitrogen content rapidly increases with the reaction temperatures and remains at about 7.5 mass% at 1473 K, with a slight decrease in oxygen and carbon content. And here we could decide that optimal temperature for nitrification is 1373 K in view of the almost saturated nitrogen content. A small decrease in oxygen content may be due to the reduction effect by nitrogen gas. Also, the small decrease of carbon loss may be explained by two effects. First is due to the change of weight balance by nitrification and second is related with the higher thermodynamic stability of TiN than that of TiC below 1500 K, 14) that is, the diffused nitrogen atoms can push out a few combined carbon atoms to minimize the total free energy of titanium carbonitride.
The microstructure of produced particles with about 100 nm in average size is shown in Fig. 5 . The SEM micrograph also shows that the particles are loosely agglomerated, so they can be easily crushed into prior nano-particles and thus mixed uniformly with other refractory powders by ball milling. To study the nitrogen stability in the synthesized TiCN, which could be significant in nano-sized particles, the X-ray peak positions of TiCN were analyzed in the samples heat-treated at 1123 K and 1223 K in a vacuum at the pressures of 1.33 × 10 -3 kPa, respectively, after nitridation at 1373 K (Fig. 6) . The diffraction patterns of the synthesized particles show the typical diffraction 
profiles of TiCN peaks. Consequently, we can propose that the suggested process has a good route for the control of the carbon and nitrogen content.
Conclusion
Ultrafine titanium carbonitride particles (TiC~0.7N~0.3) were successfully produced by the nitridation treatment at 1473 K of TiC0.7 nanoparticles, which were synthesized by the magnesium reduction process of the gaseous TiCl4 + xC2Cl4 at 1163 K. The stoichiometry form of the product was TiC~0.67N~0.27 could be successfully produced by post nitrification heat treatment at 1373 K and their purity higher was than 99.5% showing the mean particle below 100 nm. And we found that the fine and uniform TiCN particles could be obtained at the sample at previously vacuum-treated at 1123 K of relatively low temperature.
